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NATTONAT, ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 3456

PROPAGATION OF A FREE FLAME IN A TURBULENT GAS STREAM

By Williem R. Mickelsen and Norman E. Ernsteln

SUMMARY

Effective flame speeds of free turbulent flames were measured by
rhotogrephic, ionization-~gap, and photomultiplier tube methods and were
found to have a statistical distribution attributed to the nature of the
turbulent field. The effective turbulent flame speeds for the free flame
were less than those previously measured for flames stabilized on nozzle
burners, Bunsen burners, and bluff bodies. The statistical spread of
the effective turbulent flame speeds was markedly wider in the lean and
rich fuel-ailr-ratioc regions, which might be attributed to the greater
sensitivity of laminar fleme speed to flame temperature in those regioms.
Values calculated from the turbulent free-flame-speed analysis proposed
by Tucker and the Scurlock-Grover analysis of turbulent fleme propagsa-
tion apparently form upper limits for the statistical spread of free-~
Fleme-speed data. Hob-wire anemameter measurements of the longitudinal
veloclity fluctuation intensity and longitudinal correlstion coefficient
were made and were employed in the comparison of data and in the theo-
retical calculation of turbulent flame speed.

INTRODUCTION

The high volumetric heat-release rate required in present-day and
future jet-engine combustors has placed an ever-growing emphssis on tur-
bulent combustion research. The theory of turbulent filame propagstion
is as yet in a formative stage, partly because of the lack of reliable
experimental methods for determining the effect of turbulence on the
rate of flame propagation. The purpose of the present investigstion was
to explore a new experimental method believed to approximate more nesrly
8 theoretical, or ideal, fleme model than previous methods.

The major portion of experimental data on turbulent flame speeds
has been taken in open flames stebilized on Bumsen burners (refs. 1 to
3) or on Mache type burners (refs. 4 and 5). A substantial amount of
experimental dats has also been obtained from flames confined in a duet
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and stabilized on bluff bodies (refs. 6 to 8). Another experimental
method consists of measuring the speed of s flame advancing into a tur-
bulent fuel-air mixture flowing through a tube (ref. 9). In general,
the definition of turbulent flame speed used in these methods is that
given in reference 8:

=3

2,

=U— (1)
fr A
(A1l symbols asre defined in appendix A.) Egﬁation (1) has been used
for local measurements by the flame-front angle method and for over-all
flame-speed measurements by the flame-ares method. These two methods
are shown in the following sketches:

A Y
1(»
¢ A = U ’ =
Sp=Uslna Sp=U
el .
U a U
Flame-front angle method - Flame-ares method

Turbulent-flame-speed values obtained by these methods may he slg-
nificaently affected by conditions external to the flame-front proper,
guch sgs: '

(1) Large fluctuations in instantaneous flame-front position which
introduce uncertainty in the determination of mean positiorn in
long-time-exposure photographs of stabilized flames Cref. 10)

(2) Existence of "piloting zones" at the rims of Bunsen burners,
immediately downstream of bluff bodies, or in the boundary layer
of fleme tubes which may affect the burning rate of the flames
near such zones (refs. 7 and 10)

(3) Large velocity differences between unburned and burned gas
flows which may introduce consldersble turbulence in stabilized
flames (refs. 2, 6, 7, and 11)

(4) Curvature of unburned-gas streamlines at the fleme front which
may introduce substantial error in flame speeds messured in
stabilized flames by the angle method (refs. 7 and 12)

i3

3837
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(5) Variations in local flame speeds along the flame envelope which
mgy introduce substantial error 1in average flame speeds measured
by the flame-area method

The objective of this investigation was to determine the effect of
turbulence on the growth of g free flame. It was thought that the free
flame would not be subject to the complicating conditions present in
stabilized flames such as those listed. In addition, the free-flame
growth could take place entirely in = homogeneous, isotropic, turbulent
field away from boundary layers and bluff-body wakes, thus providing a
more nesrly fundasmental flame model.

The method used in the present investligation is an extension of the
"soap-bubble" technique (ref. 13) and consists of the observation of the
growth of a free-flame glcobule as it 1s carried downstream in a flowing,
turbulent, homogeneous mixture of gaseous fuel and gir. The flame glob-
ule was Initiated by a2 single spark, and its growth was recorded by
three separate methods: high-speed motion pilcture photography,
lonization-gap probes, and photomultiplier tube signals.

The flame-globule growth was characterized by an effective turbu-
lent flame speed Sp, which is defined by a mass-balance equation similar

to that derived in reference 13:

_Prar (2)

Tr — —~Actual surface
area of flame

Surface corre-
sponding to
mean radius r

dr

ar
a - (&/0) S
~
S~

~
~

The rste of change of the globule radius was measured over times less
than the charscteristic time of the turbulence. This means that, on the
average, the flame front traveled through less than one turbulent eddy
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during the time of observation. In the past, average turbulent flame
speeds have generelly been measured from photographs having long expo-
sure times compared with the characteristic time of the turbulence.

The experimental work was carried out in two phases. The first
phase was initigted and carried out at the NACA Iewlis laboratory and
is reported in reference 14. (Because of its limited circulation, con-
siderable portions of the work reported in ref. 14 are included in this
report.) Turbulent flame-speed measurements were obtained from high- _
speed motlion picture records of the growth of the free-flame globule as
it was swept downstream in an enclosed .tunnel. The turbulent field was
introduced by means of a wire grid placed at the tunnel inlet some dis-
tance upstream of the spark-electrode position. The turbulent field
was characterized by hot-wire anemometer measurements.

The effective turbulent flame speeds determined by the photographic
method varied for runs mede under identical fuel-alr and mean stream
conditions. The variation was concluded to be due to the statistical
nature of the turbulent field. Statistical anaslysis of groups of 30 or
more runs made at ldentical fuel-air and mean streem conditions showed
that the data for each group gpproximated s normal probability distribu-

tion. When plotted on the basis of cumulative probgbility of occurrence,

the effective turbulent flame-speed data showed a consistent increase
with increasing turbulence intensity.

The second phase of the investigation was carried out in a free Jet

with a technigue whereby the cumulsgtive probaebility of occurrence of
turbulent flame speed could be determined from fleme groups consisting
of thousands of separate flame globules. This technique utilized
ionization-gap probes and counters, which indicated directly the per-
centage of flames reaching or exceeding any given diameter at a series
of stations downstream of the spark electrodes. By this method, flame
speeds were measured over a range of fuel-alr welght ratiocs from 0.053
to 0.090 and & range of mean stream veloclties from 35 to 142 feet per
second at a strea% static pressure of 1 atmosphere and a stream static
temperature of 85  F. The stream turbulence was varied by the use of
three interchangeable grids, and the paremeters of the turbulence were
megsured with constant-temperature hot-wire-anemometer instrumentation.

The investigation was carried out at the Lewls Flight Propulsion
Laboratory as a part of the combustion research program.
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AFPARATUS
Adr-Ducting, Wind-Tunnel, and Air-Flow Instrumentation

The air-ducting, wind-tunnel, and gir-flow instrumentation used in
the first phase of the investigation and reported in reference 14 is
shown in figure 1(a). Alterations made to the apparatus for the second
phase of the investigation are shown in figure 1(b). The alterations
essentially converted the system from an enclosed tunnel to s free jet.

Alr supplied from the laboratory air facility was metered with a
standard varieble-area orifice and controlled with the butterfly and
gate valves shown in figure 1. Static pressures and temperatures were
measured with conventional mencmeters and thermocouples.

The ducting approach to the tunnel was designed fram principles
used in conventional low-turbulence wind tunnels. The transition sec-
tion was followed by & honeycomb and turbulence-demping screen in the
calming section to reduce the turbulence present in the sir-supply flow.
The entrance to the enclosed tunnel (or free jet) was a nozzle with a
contraction ratio of 20, and provisions were made at the tunnel throat
for the insertion of turbulence-producing grids. Three grids were used
for the investigation, all baving & mesh-to-wire diameter ratio of S.
The grid wire dismeters were 0.0313, 0.063, gnd 0.125 inch.

The enclosed-tunnel instellation was equlpped with an adjustable
plug and nozzle by which criticel flow could be maintained at the tunnel
exlt, so that the tunnel flow field could be isolated from pressure dis-
turbances in the laboratory exbeaust facility. The free-Jet installstion
was equipped with an exhaust hood into which diluting room air could be
drawn in addition to the free-Jet flow.

Fuel System

The propane fuel used throughout the investigation had the follow-
ing composition by liquid volume:

Propa.nE, percent L] L] L] L] - L] L ] L] L] L] . - L] . L] - L] e L] * . L] L] L] L] 9 7 L] 76
E-thane 3 PerceIlt . . L] . L] - L] L] . L L] L] L] L] L] . L L] L] L] . L . L L] l. 72
Isobutane, percent o« o« o ¢ o+ ¢ o ¢ o ¢ o ¢ 4 6 o s s o« s o ¢ s o o s 0L

The propasne fuel system is shown in figure 2 and was identical for both
the enclosed~tunnel .and free-jet instsllations. Propane was supplied
from a lsboratory facility and metered with standard rotemeters. Pres-~
sure, temperature, and flow controls are shown in figure 2. The propane
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was injected into the alr stream through a grid having 60 equally spaced
0.040-inch-dismeter holes. The injection grid was installed at a station
upstream of the calming chamber as shown in figure 1.

Ignition System

The flame-globule ignition system corngisted of a pair of spark
electrodes protruding into the tunnel stream from opposing walls and an
electrical energy source. The spark electrodes used in the enclosed

tunnel were carefully streamlined to a fineness ratio of 5 with a thick- B

ness tapering from 0.019 inch at the tunnel center to 0.038 inch at the
tunnel wall. The spark electrodes used in the free-jet instellation
were of circular cross section with a dismeter tapering fram 0.015 inch
at the stub tunnel cemter to 0.075 inch at the stub tunnel wall. The
spark-gap spacing was 0.015 and 0.030 inch for the enclosed-tunnel and
free-jet installations, respectively. The spark-electrode positions
for the two installations are shown in figure 1.

The spark-energy source was of the capacitive type and produced
single sparks synchronized with the camera operstion in the enclosed-~
tunnel installation or successive sparks at three per second in the
free-jet installation. The spark energy could be varied by changing
cepacitors.

Flow-Fileld Instrumentation

In genersl, the flow-fleld instrumentstion was adaptable to point
measuremerits in elther the enclosed-turnel or free~jet streams. Mean.-
stream-veloclity measurements were made with a conventional pitot-static
probe and micramanometer. ZFuel-air ratlio was measured directly by a
mixture snalyzer. Stream samples were drawn through a sharp-edged
0.125-inch-inside-dismeter sampling probe to the analyzer, which indi-
cated Fuel-air ratio directly by the thermal-conductivity-bridge method.

Turbulence measurements were made with constent-temperature hot-
wire-anemometer equipment, which is described in gppendix B. Sound-
pressure levels were measured with a conventional microphone and a
gound-pressure-level meter, also described in appendix B.

Free-Flame-Growth Measurement
Photographic instrumentation. - The growth of the free~flame globule

was recorded photographicsally in the enclosed-tunnel installstion with
the optical system shown in figure 3. The photographlic records were

3637
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taken with & 16-millimeter Fastax camera operated at spproximately 3600
frames per second and located at the end point of the parallel-beam
schlieren system. The enclosed-tunnel windows were striation-free plate
glass. The light source was a mercury-vepor BH-6 lamp operated with a
high-voltage direct-current power supply.

Ionization-gap instrumentation. - The growth of the free-flame
globule was measured in the free-Jjet installation with an ionization-
gap probe, a photomultiplier flame sensing unit, and two flame counters.
The physical orientation of these instrumentation components is shown
in figures 4(a) and (b). The photomultiplier unit and its accompanying
flame counter recorded the total number of flames that occurred during
any particular run. The ionizetion-gap probe and its accompanying flame
counter recorded the number of flames that grew to & radius of r or
greater at the axial station x during any particular run.

The photomultiplier unit consisted of & S31A photamultiplier vacuum
tube with a fixed-plate voltage supply. The ionization-gep probe is
shown in detail in figures 4(c) and (d). The brass fairing along the
probe tip prevented flame seating on the probe both by flame guenching
and by eliminstion of the recirculation zone. Because of the convoluted
form of each flame globule, the voltage signal from the ionization gap
uswally contained muliiple pegks, which caused spurious counts in the
flame counter. In order to smooth these pesks, resistors, capecitors,
and dlodes were included in the 360-volt direct-~current battery circult
for the ionization gap.

In order to prevent spurious counts arising from small fluctuations
in the voltage signal fram both the photomultiplier unit and the
ionization-gap probe, a long time constant was ineluded in the flame-
counter design. These flame counters employed thyratron-controlled re-
lays and solenolds which actueted a mechanical counter. They were de-
signed by C. C. Conger of the Lewis laboratory.

Photomultiplier instrumentation. - Simuwltaneous measurements of the
spark light intensity and ensuing free-flame-globule growth were made
in the free-jet instaellation with the photomultiplier instrumentstion
shown in figure 5. The photomultiplier unit consisted of a 931A photo-
multiplier tube with an adjustable-plate voltage supply. Light emitted
from the spark asnd ensuing flame passed through the narrow slit to the
photomultiplier unit. The voltage signal from the photomultiplier unit
was recorded on 35-millimeter film from an oscilloscope trace. The
photamultiplier instrumentation and the assumption required to relate
output voltage to flame speed are discussed in gppendix C.
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PROCEDURE ... &

The test schedule was as follows:

Grid size, Stream Propane-air Distance
in. velocity, welght ratio downstream
u, of grid,
Wire |Mesh | ft/sec X,
diam. in. ~
o
Free Jjet "
0.125 | 0.625 |35 to 105 0.07 15.2 to 16.2
.125 625 70 .056 to .090 15.2 to 16.2
.0863 313 70 .058 to .084 15.2 to 16.2
0313 156 70 .053 to .084 15.2 to 16.2 .
Enclosed tunnel
'
0.125 [0.625 {35 to 140 | 0.045 (approx.) | 6.3 to 15.3

Enclosed-Tunnel Instsllation

Room gir was supplied to the enclosed tunnel and exhausted at
critical flow condition through an exit choke by means of the altitude
exhsust facility. Tunnel static pressures and temperatures were meas-
ured by mancmeters and thermocouple rakes as shown in figure 1(a). Fuel
was injected into the air stream and metered through a standard rotem-
eter, after which dilution eir wes admitted downstream of the choke.

The tunnel stream velocity wae then messured with a pitot~static probe
and micromenometer.

The sequential schlieren photographs of the propagation of the free-
flame globule in the fuel-gir mixture were obtained by actuating a
single switch which synchronized the following operations: fuel shut-off
(producing a semi-infinite fuel slug); cemers start; ignition by a
single spark; and camera stop after an appropriate interval.

Free-Jet Instagllation

An exhaust alr-flow rate of approximately 500 pounds per minute
was initiated, and dilution air was admitted to the hood. ILaboratory
pressurized alr and propane were admitted into the stub tunnel, after
which the fuel-gir ratic was adjusted to the desired value by mesns of
a probe snd the NACA mixture anslyzer; the stream velocity was deter- -
mined from pitot-tube messurements.
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The ionizstion-gap probe was positioned at a station x dJdownstream
of the spark electrodes and at a radial distance r from the tunnel
centerline. A series of flame globules was Iinitiated by the ignition
system, firing at the rate of three sparks per second. The number of
flame globules Np Iintercepting the ionizetion-gap probe asnd the total

number of flame globules ignited N£ were read from instrumentation
shown in figure 4(b).

FLOW-FIELD MEASUREMENTS

In order to check the uniformity of the flow field, velocity pro-
files were measured in both the enclosed-tunnel and free-jet installa-
tions. The mean stream veloclty for both installastions was essentially
constant over the core of interest, as shown by figure 6. Similar
megsurements were made to check the uwniformity of the propane-air ratio
in both installations. The propene-air ratio was found to be constant
over the major portion of the enclosed-tunnel flow fleld, and typical
profiles measured in the free-Jet installation are shown in figure 7.

In order to estgblish the characteristics of the turbulent field,

extensive measurements of the turbulence intensity A/EE, the spectrum
function F, and the correlation coefficient f were made in both the
enclosed-tunnel and the free-jet installations. The definitions of
these quantities and the instrumentation used to measure them are dis-
cussed in gppendix B.

Enclosed-Tunnel Turbulence Megsurements

Longitudinal turbulence intensity measurements made in theg
enclosed-tunnel installation are shoyn }n figure 8., The data shown in
the figure agree well with the vor Karmén date quoted in reference 15
and show a substantial decreasse in turbulence intensity from the elec-
trode position (x/d = 50) to the end of the flame-growth observstion
field (x/d.= 122). Longitudinal intensity profiles measured in the
tunnel center plane perpendicular to the observation plane were essen-
tiglly flat over the core of interest. Turbulent energy spectra were
measured in the enclosed-tunnel installetion as described in appendix B.
The scale of turbulence was estimated by comparison of experimental data
with 8 grid of spectrum density curves based on an exponential form of
the longitudinal correlation coefficient f = exp (& Lf). A typical

measured spectrum is shown in figure 9, and the estimated turbulence
scales are listed in table I.
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Free-Jet Turbulence Megsurements

Conversion of the enclosed tunnel to a free jet resulted in an in-
tense sound field originsting in the dilution air and exhaust hood and
piping. As described in reference 16, veloclty fluctustions assocliated
with sound waves contribute to the hot-wire anemometer measurements

through the relation
duz =A?u§ + ug (3)

with the assumptlion that no correlation exists between the turbulence
and sound velocity fluctuations. In order to determine the applica-
bility of equastion (3) in the free jet, longitudinal velocity fluctua-
tion intensities were measured both with and without the intense sound
field. These measurements are shown in figure 10 for each of the three
turbulence grids used in the investigation. The velocity fluctustion
intensity was definitely increased with the presence of the sound field
for each of the three turbulence-genersting grids.

The sound-pressure level in the free jet was measured with the
instrumentation described in appendix B and was found to be 136 declbels,
which corresponds to a sound-velocity fluctuatlion Ajug of 0.96 foot per

second. Values of the sound-velocity fluctuation ug were also cal-

culated from the date of Ffigure 10 by the use of equation (3). These

vaelues of ug are compared in teble II with the value of 4/ § cor-

responding to the sound-pressure level of 136 decibels; good agreement
is shown 1n every case.

The kinetic-energy spectrum of the sound field alone is shown in
figure 11; it has a generally continuous form with peeaks, or periodici-
ties, at 57, 110, 140, 170, 230 to 285, 600 to 870, 1050, 1500, 2400,
3000, 4000 to 5600, and 7000 to 9000 cycles per second. DPeriodicities
observed in the sound spectrum were generslly found agein in the longi-
tudinal velocity fluctustion energy spectra measured in the free-jet
installation, as shown by the typicasl spectrum in figure 12.

Longitudinel double-velocity correlation coefficients £ measured
in the free-jet installation are shown in figure 13 for each of the
three turbulence-producing grids. The irregular form of the correlation-
coefficient curves is attributed to the periodic nature of a comsiderable
portion of the velocity fluctuetions. The correlation coefficilents were
measured by the special methods described in appendix B and are defined
by the relation

3637
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Oﬁ
o
fad

(4)

ﬁul

where the symbols are defined by the following vector dliagram:

Yo e 3

U —— —

—&—

The longlitudinal turbulence scale is usually defined by the

relation
1T=J;’fd§ (5)

Because of the periodic nature of the combined turbulence and sound
fields, the longitudinal correlation coefficient did not approach

zero within the range of measurement. Therefore, equation (5) could
not be used to define the turbulence scale. Since the growth of the
fleme globule was observed over times comparable with &€ = 0.1 inch,
only the first portions of the correlstion curves shown in figure 13
were considered relevant to the experiment. As a part of the calcula-
tions involved in the Scurlock-Grover analysis, values of the lateral
scale of turbulence Lg were calculated as described in appendix D.
These calculated values of Lg are listed in the table included in

the RESULTS section of the text.

DETERMINATION OF FLAME SPEED
Fundemental Considerations

The relation between flame speed and free-flame globule-expansion
rate is derived in reference 13 for & constant-pressure laminar free
flame propagating in a quiescent fuel-air mixture. This relation was
obtained by equating the mass flow of the unburned gases entering a
flame front of infinitesmal thickness to the mass flow of the burned
gases leaving the flame front. In a physical sense, the following equa-
tion accounts for both the flame-front motion due to flame propagation
and the motion due to thermal expansion of the burned gases:

o)
Sp= o & (2)
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The following modification of this equation to account for a finite
flame-front thickness & has been presented in reference 1l4: N

_PFar(r - 8/2Y (8)
B P, 4t \r + B/2

For thils investigation, the thickness of the flame front was con-
sidered negligible campared with the radius r so that equation (2)
wag used to analyze the data. The values of pg, computed from Rg

and Ty, were obtained from measurements of tunnel approach-stream
flow. The values of Pps computed fram RF“ and TF for each fuel-gir

ratio, were taken from references 17 and 18, respectively. The value
of pp/p, varied from 0.12 to 0.14 in the present investigation.

3637

A number of assumptions are necessary to the definition of effec-~ e
tive turbulent flsme speed as given by equation (2). The definition
requires that

(1) The free-flame globule grow uniformly in all radial directions
(2) The combustion proceed in a constant pressure field

(3) The flsme globule be swept downstream at the stream velocity
(4) No circumferentiel flow exist sbout the flsme globule

(5) Variations in spark energy not affect the globule propagation
rate

The valildity of the assumptions was established by special tests
described later in this section.

Photographic Method

Photographic data obtained in the enclosed tunnel were analyzed by
projecting the 16-millimeter motion picture film record of each flame-
globule expasnsion onto a film viewer. A typical photographic record is
shown in figure 14(a). The outline of each globule was traced in order
to permit planimetering its area and calculeting a mean radius. The
mean radius was plotted against time for each flame globule of the se-
quence, gs shown in figure 14(b). The slope of a straight line faired
through such & serles of experimentsl points is dr/at. The effective 4
turbulent flame speed was then calculated by multi ng dr/at by
the expansion factor pF/pa as shown in equation %{%
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From sets of 30 or more flmme speeds obtained in this menner for
identical fuel-air-flow conditions, the cumulative probability of oc-
currence of flemes having these flame speeds was calculated. In order
to illustrate the statistical nature of these dasta, the turbulent flame
speeds of a typlcal set of desta have been plotted ageinst cumulative
Probability of occurrence in Ffigure 14(c}. EBach date point represents
the effective flame speed of a single free flsme. Cumulative proba-
bility of occurrence is defined as the percentage of flsmes having flame
speeds greater than a given value,

Tonization-Gap Method

In order to obtain a set of turbulent fleme gpeeds for a particulsar
condition of turbulent spproach-stream intensity and fuel-sir ratio in
the free-jet installation, the ionizestion-gsp probe was positioned con-
secutively at two stations x = 15.2 and 16.2 inches, as outlined dias-
grammatically in figure 15. For each chosen position r, at least
1000 flames N, were ignited. The ionization-gap counter recorded the

number of flames N, intercepting the probe. The ratio Np/N. was the

cumulative probebility of a flame globule having a radius at least as
great as thet indicated by the probe setting r. The ratio NP/Nt was

then plotted on probability coordinates against r &and a curve was
faired through each of the two sets of data as shown in figure 16. The
difference Ar was obtained from the curves for the cumulative proba-
bilities of 2, 20, 50, 80, and 98 percent. Equation (2) was then em-
Ployed to determine the flame speeds corresponding to the five proba-
bility percentages.

Photomultiplier Method

The photomultiplier method was used to obtain values proportional
to the effective flame speed. The method essentially consists of meas-
uring the free-flame globule-growth rate along the axiasl diameter of
the globule. The method is described in the APPARATUS section and in
appendix C. The instrumentation is shown in figure 5.

Verification of Experimental Method

The discussion of equation (2) in & preceding section included a
number of assumptions necessary to the derivation of the equation.
Since equation (2) essentlally expresses the experimental method used
in the investigation, the assumptions were verified by tests that are
described in the following peragraphs.
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Uniformity of globule growth. - Photographic data of the flame-
globule growth in the enclosed tunnel were analyzed to determine
whether the globulees had preferential growth directions. This analysis
was made by measuring globule diameters (see fig. 17) at four angles
of rotation from the tunnel axis. Whlle each globule had different
growth rates along the four diameters, no consistent relation between
growth rate and direction was found. Thils observation supports the use
of a mean radius in the photographic method of flame-speed measurement,
the use of & single rediel direction in the ionization-gap method, and
the use of & single diameter in the photomultiplier method of flame-
growth observation. '

Pressure pulsatlions. - In order to determine whether the fluctua-
tions in flame-globule-growth rates, illustrated by figure 14{b), were
due to Pressure fluctustions in the enclosed tunnel, datas as shown in
figure 17 were inspected for possible phase relations between the
fluctuations in growth rate along the four diametrel directions. Since
no frequency-phase relation was found from these data, it was concluded
that pressure fluctustions were not responsible for the fluctuvatlons in
globule-growth rate. Additional messurements with & wall-mounted pres-
sure pilckup indicated the absence of significant pressure pulsations in
the enclosed tunnel.

Axial velocity of flame globule. - The effect of buoyancy of the
hot flame globule on its axial veloclty was determined by measuring the
distance fram the spark electrodes to the globule center on each frame
of photographic sequences such as shown in figure 14(a). The axial .
veloclties calculated from such measurements agreed closely in all
cases wlth the messured stream velocity, which indicated that the
buoyency effect was negligible.

) Unburned-gas motion. - As shown by equation (2), the rate of
thermal expansion of the flame globule is from 7 to 8 times as great

as the effective turbulent flame speed. In order to determine whether
the unburned-gas motion caused by this thermal expansion was purely
redisl (from the globule center), simultaneous oscillograph records

wvere made in the free-jet installetion wlith the ionization-gap probe
and a shielded hot-wire anemometer probe as shown by the typical osgelil-
lograph and probe position diagram in figure 18. The ionization-gap
trace indicgted the flame-globule passage, and the anemometer trace was
proportional to the instantaneous stream velocity. Inspection of 80
such records indicated no axial change in mean stream velocity and there-
fore no circumferential flow of unburned gsses about the sphere. The
marked decrease in amplitude of velocity fluctuations at the time of
flame-globule passage is interpreted as being due to the radiel transla-
tion of the free-jet streem core by the thermal expansion of the flame
globule. :

3637
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Effect of spark energy. - In order to determine the effect of
spark energy on the flame-globule growth, two series of runs were made
in the free-jet installation under identicel stream and fuel conditions

but with spark source energies differing by a factor of 2.5. As shown

in figure 19, cumulative probabilities of flame-glcbule sizes were
measured at a series of axisl positions with the ionization-gep instru-
mentation for the itwo spark source capacitors of 0.0004 and 0.0010
microfarads. The date of figure 19 show an increase in initial flame-
globule size, but no change in turbulent flame speed between the axial
positions x = 15.2 and 16.2 inches.

Effect of spark light intensity. - Additional information on the
relation between the spark characteristics and the flame-globule growth
was obtained with the photamultiplier instrumentation shown in figure
5. With this instrumentation, osclllographs were cbtained in a free-
jet installstion showing spark light intensity and fleme light intensity
as a function of time for 151 consecutive flame globules at -constant
mean stream and fuel conditions. Typlcal oscillographs obtained by
this method are shown in figure 20. As shown in appendix C, the por-
tion of the trace due to the spark light intensity was proportional to
spark current, and statistical analysis of the magnitudes of the peak
spark light intensity indicated that this parameter approximated =&
normal probebility distributlion. The flame speed of the globule was
taken as proportional to the slope of the portion of the oscillograph
trace due to flame light intensity, as discussed in sppendix C.

The group of 151 consecutive runs are shown in figure 21, in which
peak spark light intensity is plotted against flame speed for each par-
ticular flame globule. The statisticgl correlation coefficient for thils
dats was determined with Pearson's product moment formuls (ref. 19) and
was found to have an absolute value of |O.l7| for & possible range of
zero to }1.0|. The low value of the statistical correlation “coeffi-
cient is interpreted to indicate that variations in spark current had
no effect on turbulent flame speed.

Additional verification of statistical variation of turbulent
flsme propagation. - The cumulative probability of occurrence of slopes
measured from the series of 151 photomultiplier oscillographs is shown
in figure 22. The statistical distribution of flame speeds measured by
this method is interpreted as edditional proof of the randomness of the
phenomena. .

Validity of common origin assumption. - The ilonization-gap
method, described earlier in this section, assumes that all flame
globules have a common origin point, as shown in figure 15. In
order to determine the error introduced by this assumption, "origin
points" were measured from the serles of 151 photamultiplier traces by
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extrapolating the slope of the flame light intensity trace to the time
axis, as shown in figure 20. The origin points showed & statistical
devietion in position, and the theoretlical error introduced into flame
speeds determined by the ionization-gap method was calculated to be
+2.5 percent or less, within one standard deviation of origin position.
The error in flame speed due to shift in origin point 1s small compared
with the deviations in flame speed actually measured by the photogrephic
gfig. lé§c)), the ionization-gap, and the photamultiplier tube methods
fig. 22)}. ‘ '

Precision of Dsta

Ionization-gap measurements. - Each data point plotted as cumula-
tive probability against flame radius, such as shown in figure 16,
represents informetion from at least 1000 flemes. As shown in refer-
ence 20, samples consisting of 1000 flames would have the following
accuracy ln the cumulative probabllity value:

Cumulative Possible
probability, | error,
percent percent
50 15
20 +7
2 +29 .

The posgsible errors listed correspond to 1.28 standard deviations of
the error dlstribution and therefore should hold 80 percent of the
time. The general consistency of the data throughout the lower prob-
abllity region such as shown in flgure 16 seems to Justify greater
confidence in the low cumulastive probability range than that shown in
the preceding table.

The reliability of the curves faired through the plotted experi-
mental data, such as presented in figure 16, may be estimated from the
deviation of date points from the fitted curves.

The grestegt divergence was found in results for the 0.125-inch-~
diemeter screen. For the 98-percent probability level, the maximum
data scatter from & faired curve was 20 percent; for the 50-percent
level, 7.8 perceiit; and for the 2-percent level, 3 percent. The maxi-
mum scatter for the 0.063-inch-diameter screen was 5.3 percent at 98-
percent probabllity, and for the 0.0313-inch-diameter screen, it was
13 percent at the 98-percent level.
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As discussed esrlier in this section, the value of flame tem-
perature used in the equation for turbulent flame speed was a cal-
culated theoretical value. It may be of interest to note that flame
temperature has a much greater effect on the laminar flame speed than
on the calculation leeding to effective turbulent flame speed. As
shown by reference 21, a decrease of theoretical adisbatlic flame
temperature from 4000° to 3900° R would result in a laminar flame
speed decrease of 43 percent. In contrast, this change in flame
temperature would csuse only & 2.5-percent decrease in the fturbulent
flame speed calculated from the eguation

OF dr
Sp =L @ (2)

It appears, then, for the purpose of this investigation, that the ef-
feet of & small error in asctual flame tempersture is negligible in
calculating the density ratio.

Other sources of inaccuracy may be found in the instrumentation
and equipment. The positioning of the ionization-gep probe involved
an error not exceeding 0.5 percent. Measurement of the fuel-air ratio
was accurate within 2 percent. Flow measurements were made with a pre-
cision of 3 percent. For the measurements characterlzing the turbu-
lence paremeters, en estimated value of 15 percent is suggested for the
probable limit of error.

Photomultiplier method. - A treatment of the sources of error
present in flame-speed measurement by the photomultiplier method is
presented in appendix C.

Photographic method. - In addlition to the errors introduced by the
equipment and instrumentetion, sources of error peculiar to the photo-
graphic method must be considered. Such factors as adjustment of the
projected lmage to one-to-one correspondence, timing, optical resolu-
tion, and scale factor are all considered significant and have been
thoroughly treated in reference 22, which assigns a relative maximum
error of 10 percent to the photographic-reduction technique.

RESULTS

Effective turbulent flame speeds were measured in the enclosed-
tunnel and free-jet installations over a range of propane-gir and turbu-
lence conditions as shown in the followlng table:
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Grid size, |[Stream Longitudinegl [Lateral |Propane- Distance

in. velocity, [velocity turbu- [elr downstream
U, fluctuation |lence |[weight of grid,
Diam. |Mesh | ft/sec [intensity, |[scale, |ratio X,
“uz’ Lg, in-
ft/sec in.
Free jet
0.125 {0.625}35 to 105]|1.18 to 2.60}0.0645 0.07 15.2 to 16.2
125 825 70 1.69 .0645 {.056 to | 15.2 to 16.2
.09
.063 313 70 1.34 .0587 1.058 to | 15.2 to 16.2
.084
.0313] .156 70 1.17 .0437 |.053 to | 15.2 to 16.2
.084

Enclosed tunnel

0.125 {0.625|35 to 140({0.81 to 3.31{0.08 to 0.045 6.3 to 15.3
0.13 |(epprox.)

The latersl turbulence scales Lg for the enclosed tunnel were obtained
from the values of Ly shown in table I by using equation (B7) of ap~-
pendix B. The values of Lg for the free jet were obtalned by fitting

an exponential curve to the lateral correlstlion coefficlent g as de-
seribed in appendix D, Both methods for evalustion of Lg are based

on the assumption of isotropy, which was not proven because of the lack
of turbulence measurements in the lateral direction.

The effective turbulent flame speeds, plotted in figure 23, were-
measured in the free-jet installaetion at a fixed propane-air ratio of
0.07 over a range of mean stream velocities with the 0.125-inch wire
dismeter by 0.625-inch mesh turbulence-generating grid. The date are
plotted as a function of longitudinal velocity fluctuation intensity

dﬁﬁ with cumulative probability as a parameter. Since turbulence
measurements were made at only one stream velocity, and since the
sound-pressure level was independent of stream velocity, the dats of
table II and the followlng equatlon were employed to calculate the
Jongitudinagl velocity fluctuation intensity:

2
’\ru?= U(E) +-1-1§T (7)

U
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The turbulence intensity vigyﬁ) was assumed constant throughout the
range of stream velocity U (see ref. 15), and ug corresponded to the

meggured sound-pressure level of 136 decibels.

Effective turbulent fleme speeds measured in the enclosed-tunnel
installation et a fixed propane-gir ratio of approximastely 0.045 are
plotted in figure 24 as a function of the longitudinal velocity fluctu-

ation intensity J:E wlth cumulative probebllity as & parsmeter. The
data show a consistent increase of effective turbulent flame speed with
velocity fluctuation intensity. These data were obtained downstream of
the 0.125-1inch wire diameter by 0.625-inch mesh grid over a range of
stream velocities from 30 to 140 feet per second. As shown by the dsta
of figure 8, the decey of the burbulence intensity was quite severe

over the range of interest (x/d = 50 to 122). A turbulence intensity

of < u% U} = 0.027 was taken as g representative value and assumed
constant to obtain values of ué over the stream-velocity range.

The effects of propane-gir ratio and turbulence scale on the propa
gation rate of the free flame were Investligated in the free-jet instal-
latiorn by measuring the turbulent flame speed downstream of the three
turbulence-generating grids over a range of propane-air ratio from
0.053 to 0.090. (The variations in turbulence scale are listed in the
table at the beginning of this section.) These dats are shown in fig-
ure 25 along with a dashed line representing leminar flame-speed data
reported in reference 21. Turbulent fleme speeds from the enclosed
tunnel are included in Pigure 25(a) and were evalusted by interpolat-
ing the data of figure 24 gt a velocity fluctuation intensity equal to
that of the free-jet data in figure 25(a).

DISCUSSION
Megsurements of Present Investigation

A discussion of the effect of turbulence on flame propagation is
generally conceded to rest on the principles of turbulent motion set
forth by Taylor in reference 23. These principles are summarized in
the equation relating the mean displacement X of a fluld particle
from its original position to two parameters of the turbulent field:

—_— t

= ué & at (8)
0

o

I
ol
2
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where D 1is the turbulent diffusion coefficient in the x-direction,
X 1is the particle displacement in the x-direction, and &K is the
Lagranglian double-~velocity correlation coefficient defined by the
relation

u
& = —————-_‘iut’__ (8)
2.1.,2

‘duo‘dut
It 1s of particular importance to note thdt the turbulence parameters
in equation {8) are both mean values, and that instantaneous, local
particle displacements depend on the statistical devistions sbout those
mean values. It is suggested that the fluid particle dlsplacements have
a statistical distribution about the mean much the same &s the statistl-
cal variation of velocity fluctuations in the turbulence. §Such varia-
tions in particle displacements would be particularly notliceable when

observed over times less than the characteristic time of the turbulence,
as 1ls the case ln the present investigation.

A statistlical variation in the particle displacement X would
probably cause variations in the speed of flames where flame wrinkling
was controlling; a statistical distribution of the turbulent diffusion
coefficient D would alsc probably cause variations in the flame speed
where the diffusion process affects turbulent flame propagation. As a
congequence of this statistical distribution of turbulence veloclty and
correlation coefficients, particular free flames might encounter condi-
tions especially favorable and therefore have high propagation rates,
while others might be subjected to conditions that would reduce their
rate of growth. This picture of statistical variation is consistent
with the data of the present investigation shown in figures 23 to 25
and also agrees with obse.vations of stabilized flames that show a wille
brush of flame fronts.

The effect of flame temperature on laminasr flame speed has been
reported in references 21 and 24, wherein it i1s shown that small changes
in flame tempersture result in large changes in lamingr flame speed.

In particuler, reference 24 shows that this dependence of leminar flame
speed on flame temperature is of greater magnitude in the lean end rich
regions. The lower portions of the flame-speed probability band in-
figure 25 generally show decreasses in the ratio of the turbulent to

the laminar fleme speed SI/SL in the lean and rich fuel-air regions.

This decrease 1s consistent with the effect of flame temperature if the
lower portion of the probability band is considered to represent flames
that have encountered turbulent conditions sufficiently violent to de-
crease the flame temperature by diffusive sction.

3637
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Comparison of figures 25(a), (b), and (c) shows that greater por-
tions of the flame-speed band fall below the laminar flame speed as the
grid size becomes smaller. As shown by figure 13, decreases in the grid
size reduce the mean turbulent eddy size. Since the effect of the tur-
bulence is thought to be increasingly diffusive in character as the tur-
bulence scale decreases, this trend might be due to an increasing propor-
tion of flemes having temperatures less than the adisbatic value as the
turbulence scale becames smaller.

Comparison with Data from Other Investlgations

A comparison of the data of the present investigation with those
of references 4, 8, 9, and 22 is presented in figure 26. In order to
obtain a basis for comparison, the dats are plotted with the ratio of
turbulent to lsminsr flame speed Sp/SL against longitudinal velocity

fluctuation intensity Muz. The turbulent flame speeds measured in a

Meche (nozzle) type burner (ref. 4), a Bunsen burner (ref. 8), and a

flame tube (ref. 9) fall gbove those measured by the free-flame method
in references 14 and 22 and in the present investigation. It should be
noted that the ST/SL data from the present investigation are plotted

against the longitudinal velocity fluctuation intensity, which lncludes
the contributions from both turbulence and sound. A better agreement
with the datae of other investigations could be obtained by plotting the

ratio ST/SL against the velocity fluctuation intensity u% due to
turbulence slone. This procedure is questlionable, since the sound-
velocity fluctustions may have an apprecisble effect on turbulent flame
speed when coupled with turbulence, and also because the magnitude of
the sound field in the other investigations is unknown. The abscissas
of figure 26 may be converted to turbulence intensity by the ule of
equation (3) and the data of table II.

The effect of fuel-air ratic on turbulent fleme speed of free
flames is shown in figure 27, in which the data from the free-flame ex-
periment reported 1n reference 22 are compared with those of the present
investigation. The data from the present investigation shown in figure
27 were taken 15.2 to 16.2 inches downstream of the 0.125-inch wire
dismeter by 0.625-inch mesh grid, while the data from reference 22 were
taken 14 to 18 inches downstream of a 0.125-inch wire diameter by 0.500-
inch mesh grid. The grid sizes and axial distances are close enough
so that the turbulence scales were roughly equal. Because of a large
difference in stream velocity, the two sets of data were taken under
wldely different velocity fluctuation intensities. Both sets of data
show a general trend of decreasing turbulent to laminar flame-speed
ratio in the lean and rich fuel-air-ratio regions. The conslderable
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devigtion from mean values exhibited by the dats of reference 22 sub-
gtantiates the statistical deviation of turbulent flame speed noted in
the present investigation.

Comparison of Dasta with Various Theories

The curreat preveiling concept of turbulent flame propagetion is
based on references 25 and 26, wherein the proposels sre made that (1)
smell-scale turbulence (of the order of the flame-front thickness)
increases the locael flsme propagation rate beceuse of increased diffu-
sion rates, and (2) large-scale turbulence increases the over-all flame
propagation rate by wrinkling the flame with attendant increased flame-
front grea. Although it is well known that a turbulent field contains
a statistical distribution of "eddy sizes," the complexity of the prob-
lem has dictated the assumption of either the large- or small-scale case.

The basic concept proposed by Shelkin (ref. 26) for the large-scale
case 1s that the wrinkling of the flame front might be approximated by
cones having a base proportional to the turbulence scale and a height
proportionsal to the turbulence intensity. This concept has been sup-
ported experimentally by Hottel and coworkers 1ln reference l.

Turbulent flame speeds measured in flemes stabilized on bluff bodies
in high-velocity fuel-air streams led Scurlock and coworkers to postulate
the concept of flame-generated turbulence (refs. 6 and 7). Theoretical
analyses to account for flame-generated turbulence were proposed by
Karlovitz and coworkers (ref. 2) and by Scurlock and Grover (ref. 11},
but neither anslysis conforms to gll existing experimentel data. A re-
cent enalysis by Tucker (ref. 27) predicts that little, if any, turbu-
lence would be generated by free flames with small surface deformations.

Since the Shelkin equation is not only of historical interest but
is also used as & basis for the Scurlock-Grover theory, the data of the
present investigation are compared with the Shelkin equation in figure
28, wherein the ratio ST/SL is plotted as & function of longitudinal

veloclty fluctuation intensity for four cumulative probasbilities. The
data include flame speeds measured with each of the three turbulence-
generating gride and are all for the comstant fuel-air weight ratio of
0.07 (figs. 23 and 25). The Shelkin equation was correlated with the
data at each value of cumulative probability by the method of least
squares. This correlation was accomplished by determining the constant
B in the Shelkin equation as follows:

N2

-:2 =1 +3B~ (10)}_

L 5L
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The value of the constant B was estimated to be unity by Shelkin but
varies from 0.867 for the cumulative prcobeblility of 2 percent to 0.220
for the cumulative probability of 80 percent. The value of the con-
stant B i1is shown in figure 28 for each of the cumulative probsbilities.
The date scatter about the Shelkin equation but show some agreement with
the Shelkin theory. A curve plotted through the dats obtained with the
0.125-inch grid does not follow the shape of the Shelkin curve, however.

The theoretical expression for turbulent flame speed presented by
Tucker in reference 27 was obtained by a wave analysis of the effect of
a low-intensity turbulent field on an infinitesmelly thin flsme front
having convolutions, or wrinkles, of low slope. The final equation
shows no effect of turbulence correlation coefficient and is, in the
present notation,

3
—2—=1+0('r)l;—2- (11)
L

where C(t) is a function of the ratio T = TF/Ta' _The analysis in-
cludes the assumption that the second-order terms (uZ/ S%)z are negli-

gible, that the flame temperature and laminer flame speed are dependent
only on fuel-air ratio, and that the diffusive action of turbulence is
regligible.

In order to obtain a comparison with the present date, the Tucker
analysis was extrapolated well beyond its intended limit of the ratio

uz/s ). The data of the present investigation compare well with the
L

Tucker anglyslis in the low velocity fluctuation intensity regidn as
shown in figure 29, but falls below the theory in the higher intensity
range, where the theory cannot be expected to hold. A further compari-
son of the turbulent flame-speed data wlith the Tucker analysis is made
in figure 30, wherein the ratio Sp/S;, is plotted against fuel-air

welight ratio. These data are for each of the three turbulence-generating
grids and were taken at the same mean stream velocity. The data in

each figure fall below the theory, but, with the exception of the
enclosed-tunnel data {fig. 30(a), fuel-air ratio, 0.045), follow the
general trend of the Tucker aralysis in the upper portion of the cumila~
tive probability band. These date suggest that the anelysis might be
taken as the limiting value of turbulent flame speed for the turbulence
conditions specified in the figures.

The turbulent flsme-speed datea are also campared with the Scurlock-
Grover anslysis (ref. 11) in figures 29 and 30. This analysis assumes
that the flemes proceed locally at the laminar rate Sp, but that the
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over-all flame speed Sy 1s increased because of flame-front wrinkling -

caused by turbulence. The geometrical model 1s similar to Shelkin's, | 4
except that the wrinkle height i1s assumed to be positively affected by
turbulent motion and negatively affected by local flame propagation.

The enalysis also accounts for fleme-generated turbulence caused by

velocity and density gradients across the flasme front.

Flame-generated turbulence has been neglected in a modified
Scurlock-Grover anslysis, which was used in the present investigation
and is discussed 1n appendix D. The measured correlation coefficients,
as shown in figure 13, were used in the analysis, in contrast to the
exponential forme assumed in the Scurlock-Grover report (ref. 11) and _
the comparison with free-flame date made in reference 22. The ansalysis
bredicted that the turbulent flame speed had not yet reached its full
value at the axial stations of measurement (x = 15.2 and 16.2 in.).

Therefore, values of ST/SL were calculated from the theory for flame-

growth times corresponding to both stations and are shown in figures 29 v
and 30.

3637 |

The date of the present investigation fall below the values of
S,I,/SL predicted by the modified Scurlock-Grover anslysis but follow

the theory feirly well in the upper portion of the probability band.
The date follow the Scurlock-Grover analysis more closely for the
largest turbulence scale (fig. 30(a)), and the agreement becomes pro-
gressively worse as the turbulence scale becomes smaller (figs. 30(b)
and (c)). This type of relation may be due to an increasing diffusive
action of the turbulence as the scale becomes smaller, as discussed
previously in this section.

The data agree more closely with the Scurlock-Grover analysis
than with the Tucker theory in the lean and rich fuel-air-ratio regions.

This probably is due to the increasing A/uﬁ/%L in those regions that

tend to exceed the limits of the assumptions made in the Tucker analysis
discussed in a preceding paragraph.

In summary, values from both the Tucker and the Scurlock-Grover

analyses seem to form an upper limit to the data of the present
Investigation.

CONCLUSIONS

From the results of the investigation, the followlng conclusions -
are made:
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1. The propagation rate of a free flame in & turbulent field with
intense random sound-velocity fluctuations is a statistical variable
having a probability of occurrence band bounded by a zero propagation
rate and possibly an upper propagetion rate well gbove the laminar flame
speed.

2. The propagation rate of a free turbulent flame is substantially
less than those previously measured for staebilized flames.

3. The statistical spread of free-flame propagation rates is
markedly wider in both the lean and rich fuel-alr-ratio regions.

4. Values calculated fram the Tucker analysis for free~-flame propa-
gation rates apparently form an upper limit for the statistical spread
of free-flame propagation rates in the regions where the velocity fluc-
tuation intensity is low.

5. Values calculated from the modified Scurlock-Grover analysis
apparently form an upper limit for the statistical spread of free-flame

propagation rate.

Lewis Flight Propulsion Isboratory
Nationgl Advisory Committee for Aeronsutics
Cleveland, Ohio, April 25, 1955
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APPENDIX A

SYMBOLS

The following symbols are used in this report:

cross-sectional area

gmoothed tlime-average surface area of turbulent fleme
local speed of sound, ft/sec

constant in Shelkin equation

congtant

turbulent diffusion coefficient, sq ft/sec

wire diameter of turbulence-producing grid, in.

d-c voltage, v

rmg of a-c complex wave voltage, v

longitudinal energy spectrum density function, sec
longitudinal double-velocity correlation coefficient
lateral double-velocity correlation coefficlent
hot-wire current at stream conditions, amp

gain of decade emplifier

longitudinal scale of turbulence, in.

lateral scale of turbulence, 1n.

Lagranglan scale of turbulence, in.

nunber of flame globules

frequency, cps

gas constant

Lagranglian double-veloclity correlation coefficient
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r radial distance from tunnel sxis, in.

s flame speed, ft/sec

SPL sound-pressure level, db

T temperature, °r

t time, sec

U mean stream velocity, f£t/sec

u longitudinal velocity fluctuation, £t/sec

V,W lateral veloclty fluctuations, ft/sec

X fluid particle displacement due to turbulent motlon, £t.

X distance downstream of turbulence-producing grid, in.

¥ distance from tunnel wall, in.

o angle, deg .

B power band width of wave analyzer, cps

3] flame-front thickness, ft

E spatial separation of velocity vectors comprising correlation

coefficlent, in. -

p density, 1b/cu £t

g one standard deviatlon

T ratio of flame temperature to unburned gas temperature, TF/Ta
equivalence ratio, (fuel-air ratio)/(stoichiometric fuel-air ratio)
hot-wire resistance at stream conditions, ohms

Subscripts:

a ambient, or approach stream

F flame

hig pertaining to correlation coefficient £
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pertaining to correlation coefficlent g
laminar
perteining to a frequency interval

no-flow condition in anemometry, or reference point in space or
time double-velocity correlation coefficients

pertaining to number of flames of g given radius or greater
sound.
turbulent

total, or time

at a distance & from zero position
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APPENDTX B

TURBULENCE AND SOUND INSTRUMENTATION AND ANALYSIS
Theoretical Background

Turbulent flields are generglly defined by the two parsmeters in-
tensity and correlation coefficient. The turbulence intensity is defined

as the rms value of the turbulent velocity fluctuations 4/ /\/ v? and

l\/ The double-velocity correlation coefficient mey be represented by
a second-order tensor which for a homogenecus, isotroplc field of tur-
bulence can be reduced to two components as shown in reference 28. These
two components are the longitudinal and latersl double-velocity correla-
tion coefficients defined as follows:

Longitudinal: f = uf;E Yo ug (B1)
u ,.___g_,!
VOVE fvo *V'E (Bz)

Lateral: g = _;2_ I-——{

where £ and g are the longitudinal and the lateral correlation coef-
ficlients, respectively, u 1is turbulent velocity fluctustion, & is the
spatial separation between the points of measurement of the u, and the

bar signifies a long time aversage.

Longitudinal and lateral turbulence scales have been defined by the

relations

L=°d£ B4)
gﬁg (

These scales are intended to represent a mean turbulent eddy size, and
for homogeneous, isotropic turbulence msy be related through the equa-

tion (ref. 28)
e+ 83 (B5)
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which, by integration, becomes

Lf+-zl-fo £ a1, (z6)

For the commonly observed exponential form of £ = exp(gL), equation (B6)
becomes ' Le

3637

Lp = 2L, (B7)

Teylor has shown in reference 29 thet the one-dimensional turbulence
energy gpectral density function F is the Fourier transform of the
longitudinal correlation coefficient £

L -]
f-f F cos 288X g (B8)
0 U ]
where F 1s defined by the relatlons
— o i
uzsf wZ ¥ an (B9)
0O n
and
(- -]
f Fdn= 1 (B10O)
0

where__p? represents the total kinetic enmrgy in longitudinsl direction,

and. ui represente the kinetic energy contalned in the frequency infterval
n to n+ dn.

Hot-Wire Anemometry
The constant-tempersture hot-wlre asnemometry equipment is shown dia-
grammatlcally in figure 31, and for the most part has been descr%?ed in

references 16 and 30. The equatlon relating the rms voltage E% meas-
ured by the average square computer to the turbulence intensity has been

discussed in reference 16 and is as follows:

A2 410 = (B11) i
(2K) @ (12 - 12) \/_t
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The spectrum density function F was measured from the tape-
recorder play-back signasl by the following equation which is given in
reference 16:

F= —-Eé—é_ (B12)
B E;
where E; 1is the square of the rms voltage reading of the wave analyzer.

The double~velocity correletion coefficient f was determined from
a double~channel magnetic tape recording of the instantaneous voltage
slgnal from the hot-wire anemometer. The double-channel tape was played
back -into a double eorrelation computer which electronically performed
the Instantaneous multiplication of veloclty fluctustions indicated in
equation (Bl). The veriable separation & between velocity vectors was
attained by the use of a movable and a fixed play-back head. The separa-
tion & ©between the veloclity vectors was equal to the separation between
the heads multiplied by the ratlo of the stream velocity to the tape
speed. The double correlstion computer was designed by D. F. Berg and
C. C. Conger of the Lewis leboratory. The equivalence of the correlation
coefficient measured by this method and by the two-probe method was proven
as a part of a research program conducted by J. C. Laurence of the Lewis

leboratory.

Sound-Field Instrumentation

The sound instrumentation consisted of a standard microphone and
sound-level meter from which sound-pressure level could be determined.
The microphone signal was also impressed on the wave analyzer to cobtain
the sound kinetic energy spectrum through equation (Bi2). The relation
between sound-pressure level SPL and sound-velocity fluctuastions

’\)1? has been given in reference 31 (for simple harmonic waves) as

=
SPL = 20 log (pal\fu§> + T4 (B13)
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APPENDIX C

PHOTOMULTTPLIER INSTRUMENTATION
Relation Between Flame ILight Intensity and Flame Speed

Assumptions. - The conditions assumed in relating flame light in-
tensity as Indicated by the voltage output of a photomultiplier tube to
the surface area of a flame are treated in reference 32. They may be
sumarlzed as follows:

(1) It is postulated that, if a point source of light is increased
to a finite size but the distance from the light source to the detector-
is constant and large in comparison with the maximum dimension of the
flame, - the light flux 1mpinging on the detector will obey the inverse
gquare law. Under this condition, a change in the surface area of the
flame will produce an approximately lineasr change in the flux intensity
registered by the detector.

(2) The flame must consist of a homogeneous cloud of nonsbsorbing
emitters.

If the propagetion of a free-flame globule moving in a gas stream at
stream veloclty 1s observed by a detector through a long slit placed
axlally with respect to globule travel, some additional requirements are:

(3) The detector has an essentially flat light response over the
entire field of view.

(4) The slit is narrow enough in relution to flame-globule diasmeter
to spproximste a diameter of the projected spheroid.

(5) The flame-globule center must not suffer any apprecisble radial
displacement from the tunnel centerline.

(6) The fleme globule must not have a preferential growth direction.

(7) The fleme temperature must be constant for all the flame
globules.

Conditions (1) and (4) were met by sulitable placement and dimension-
ing of the apparstus. For condition (3), it was determined that the
photomultiplier unit had a meximum llght response error of 5 percent over
the total light acceptance angle. Photographic evidence obtained in the
preliminary phase of the lnvestigatlion indlcated satisfactory fulflllment
of requirements (5) and (6). Assumption (7) has been previously treated
in the sectilon of the DISCUSSION entltled Measurements of Present
Investigetion. -
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Description of apparastus. - A 931A type photomultiplier having an
adjustable-plate voltage power supply was mounted in a light-tight box
behind a 0.25-inch-diameter aperture. Thie detector unit was positioned
in an enclosed tunnel 4 feet from the free-jet stub tunnel, as shown in
flgure 5. The detector gperture was centrally located with respect to
the slit in the machined sluminum plate, which replaced an upper portion
of one wall of the stub tunnel. The voltage output of the photomultiplier
vas amplified and fed to an oscilloscope. Osclllograms were taken by
high-speed, continuous motion plecture technigue.

Oscillograms. - As shown in figure 20, the oscillograph trace of the
ignition and growth of a single flame comnsists of two portions, & spark
light amplitude decsy curve and & flame light ampilitude growth curve
whose slope at any point is equal to the change of diameter of the flame
globule with time, governed by the considerations listed previously.

This slope Zdr/d.t is proportional to turbulent flame speed Sq as
given by equation (2).

Relation Between Spark Light Intensity and Spark Current

Standring and Looms (ref. 33), using short-duration sparks produced
by a lightly demped oscillatory current, have shown that the light emitted
by a given spark gep depends on the current in the gap and its time
variation.

In order to determine the effect of a long-duration, direct-current
pulsed spark on the current - spark light relation, an auxiliary investi-
gation was undertaken in collsboration with Clyde C. Swett, Jr. The
spark production and recording egpparatus ls fully described in reference
34. The photomultiplier detector apparatus was as described previously
except that the detector unit was mounted at one end of a rectangular
tube 2 feet in length. The fleld of view of the photomultipligr tube
was limited by a 0.0625- by 2-inch eperture in the other end of the
tube. A Polaroid Land camera was used to make oscillograms.

A series of oscillograms was taken of sparks ignited in still air
end in an alr stream having a velocity of 50 feet per second. Spark
duration was sbout 600 microseconds, sperk energy was of the order of
17 millijoules, and peak spark current approximated 0.23 amperes. A
comparison of sperk light amplitude-time curves with the current-time
curves obtained in the apparatus designed by Swett showed a marked simi-
larity of shape between the sets. It was concluded from this information
that, at least for a first-order approximation, spark light intensity was
roughly proportional to spark current.
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APPENDIX D

CALCULATION OF FLAME SPEED FROM SCURLOCK-GROVER ANALYSIS
The basic equation in the Scurlock-Grover theory (ref. 1l1) is ob-

tained by assuming that the increase of flame speed is due to the wrin-
kling of the flame front in the form of right circular cones, so that

i s [1 +C <;§) Ve (D1)
5, A 1 L2

3637

vhere A/X%/1Z 1s assumed proportionel to the ratio of cone height to

base dismeter and C; 1is a constant taken equal to 4. The mean square
particle displacement 1s assumed to depend on three effects:

(1) Turbulent mixing, which increases the flsme-front ares
(2) Leminar flame propagstion, which decreases the fleme-front ares
(3) Flame-generated turbulence, which increases the turbulent mixing

The first effect on Xz is gliven by

t

.5
[\Y)

—2u | @g at (p2)
0

where £ 1is the Legrangisn correlation coefficient and g, 1s the
Eulerien correlation coefflcient. The second effect is glven by

1/2

X2 X2
d'\/x— =Cy B4 1 + Cq (X—?-> -1 (D3)

dt 2
Lg
where Co 1is a constant taken equal to 1/4. The combination of the
first two effects is then

— ' <& 2
ayxé 14Xy d¥Xxg

it _ [ a O at
2q/xg

(D4) -
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Since the Lagranglan correlation coefficient cennot be measured directly,
Scurlock and Grover assumed it to be of the form given in reference 15:

.Q=exp(— -(U;t) (p5)

where ¥ is the Lagrengian scale of turbulence and wes ax_ssumed. to be
equal to l/ 2 Lg. In the present analysis, & was assumed to be equal to

f, through the independent verisble trensformation g = Ei t. Isotropy
was essumed, so that g was obtained from £ through the relation (ref.
28)

g=f+%%§ (DG)

The correlation coefficient g; was then obteined from the Independent
varieble trensformation § = Spt. The turbulence scale L, was calcu-
lated by matching the curve exp(E/Lg) to the g plot previously calecu-
lated from f by equation (D8).

A1l integrations end differentistions were done graphically, and the
celculation procedure followed the following order:

(1) Calculate g from equation (D6).
(2) Transforn £(£) to @(E/4/aD).
(3) Transform g(&) to &;(&/S).

(4) Calculate

(5) Calculste

(8) Calculate
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(7) Calculste

(8) Calculate

(9) Calculste

of =

<2
L AL 12

As mentioned in the DISCUSSION section, fleme-generated turbulence

has been assumed negligible, and the final form of the Scurlock-Grover
theoreticel equation was as glven gbove.

REFERENCES

1. Hottel, H. C., Williems, G. C., and Levine, R. S.: The Influence of

Isotropic Turbulence on Flame Propsgation. Fourth Symposium (Inter-

national) on Combustion, The Williams & Wilkins Co. (Baltimore),
1955, pP. 636-6440

2. Karlovitz, Béla, Denniston, D. W., Jr., end Wells, F. E.:
tion of Turbulent Flames.

1951, pp. 541-547.

Investiga-
Jour. Chem. Phys., vol. 19, no. 5, May

3. Bollinger, Lowell M., and Williems, David T.: Effect of Reynolds
Number in Turbulent-Flow Range of Flame Speeds of Bunsen-Burner
Flemes. NACA Rep. 932, 1949. (Supersedes NACA TN 1707.)

4, Wright, F. H.:

Measurements of Flame Speed and Turbulence in a Small
Burner.

Prog. Rep. No. 3-21, Jet Prop. Lab., C.I.T., June 6, 1950.

5. Bowditch, F. W.: BSome Effects of Turbulence on Combustion. Fourth

Symposium (International) on Combustion, The Williams & Wilkins Co.
(Baltimore), 1953, pp. 674-682.

3637



LS9

NACA TN 3456 37

6. Scurlock, A, C.; Flame Stabilization and Propagation in High-Velocity
Ges Streams. Meteor Rep. 19, Fuels Res. Lab., M.I.T., Mzy 1948.
(Contract .NOrd 9661.)

7. Williems, G. C., Hottel, H. C., and Scurlock, A. C.: Flame Stgbiliza-
tion and Propagetion in High Velocity Gas Streams. Third Symposium
on Combustion and Flame and Explosion Phenomens, The Williems &
Wilkins Co. (Bsltimore), 1949, pp. 21-~40.

8. Wohl, Kurt, Shore, L., von Rosenberg, H., and Well, C. W.: The Burn-
ing Velocity of Turbulent Flames. Fourth Symposium (Internationsl)
on Combustion, The Williams & Wilkins Co. (Baltimore), 1953, pp.
620-635.

9. Leason, D. B.: Turbulence and Flame Propsgation in Premixed Geses.
Fuel, vol. XXX, no. 10, Oct. 1981, pp. 233-238; discussion, pp. 238-
239.

10. Caldwell, Frank R., Ruegg, Fillmer W., and Olsen, Lief D.: Conbus-
tion in Moving Air. Peper presented at meeting SAE and Air Trans-
port, (New York City), Apr. 13-15, 1948.

1l. Scurlock, A. C., and Grover, J. H.: Propagetion of Turbulent Flames.
Fourth Symposium (International) on Coumbustion, The Williems &
Wilkins Co. (Baltimore), 1953, pp. 645-658.

12. Ball, George A.: Combustion Aerodynamlics - A Study of e Two-
Dimensional Fleme. Dept. Eng. Sci. and Appl. Phys., Harverd Univ.,
July 1951. (Army Ord. Dept. Contract W19-020-ORD-6509.)

13. Stevens, F. W.: A Constant Pressure Bomb. NACA Rep. 176, 1923.

14, Mickelsen, Williem R.: The Propagation of g Free Flame Through &
Turbulent Gas Streem. M. S. Thesls, Case Inst. Tech., 1953.

15. Dryden, Hugh L.: A Review of the Statistical Theory of Turbulence.
Quart. of Appl. Math., vol. 1, no. 1, Apr., 1943, pp. 7-42.

16. Mickelsen, William R., and Leurence, James C.: Measurement and Ansl-
ysis of Turbulent Flow Contalning Periodic Flow Fluctuations. NACA

RM ES3F19, 1953.

17. Hottel, H. C., Williams, G. C., and Satterfield, C. N.: Thermodynamic
Charts for Combustion Processes, Pt. II. John Wiley & Sons, Inc.,
1949.

18. Anon.: Annual Progrem Report. Proj. Squid, U.S. Navy, U.S. Army,
Jen. 1, 1949.



38

190

20.

21'

az.

23.

24,

25.

26.

27.

28.

23.

30.

31.

32.

NACA TN 3456

Worthing, Archie G., end Geffner, Joseph: Treatment of Experimental
Degta. John Wiley & Sons, Inc., 1943, p. 275.

Imsser, Robert: A Study of Methods for Achieving Religbility of
Guided Missiles., Tech. Rep. No. 75, U.S. Naval Air Missile Test
Center, July 10, 1850,

Dugger, Gordon L.: Effect of Initlal Mixture Temperature on Flame
Speed of Methene-Air, Propane-Alr, and Ethylene-Air Mixtures.
NACA Rep. 1081, 1952. (Supersedes NACA TN's 2170 and 2374.)

Bolz, R. E., and Burlage, H., Jr.: The Influence of Turbulence on
Flame Propagation Retes. (To be published in Jet Prop.)

Taylor, G. I.: Diffusion by Continuous Movements. Proc. London
Meth. Soc., vol. 20, 1922, pp. 196-212.

Botha, J. P., and Spalding, D. B.: The Laminer Flame Speed of Pro-
pane/Air Mixtures with Heat Extraction from the Flame. Proc. Roy.
Soc. (London), ser. A, vol. 225, no. 1160, Aug. 6, 1954, pp. 71-95.

Damk®hler, Gerhard: The Effect of Turbulence on the Flame Velocity
in Gas Mixtures. NACA TM 1112, 1947.

Bhelkin, K. I.: On Combustion in a Turbulent Flow., NACA TM 1110,
1947.

Tucker, Maurice: Interactlon of a Free Flame Front with a Turbulence
Field. NACA TN 3407, 1955.

von Kérmén, Theodore, and Howarth, Leslie: On the Statistical Theory
of Isotropic Turbulence. Proc. Roy. Soc. (London), ser. A, vol,

Teylor, G. I.: The Spectrum of Turbulence. Proc. Roy. Soc. (London),
ser. A, vol. 164, Feb. 18, 1938, pp. 476-490.

Laurence, James C., and Lendes, L. Gene: Auxiliary Equipment and
Techniques for Adapting the Constent-Temperature Hot-Wire Anemometer
to Specific Problems in Air-Flow Measurements. NACA TN 2843, 1952,

Morse, Philip M.: Vibration and Sound. Second ed., McGraw-Hill Book
Co., Inc., 1948,

Clark, Thomas P., and Bittker, David A.: A Study of the Radistion
from Leminar and Turbulent Open Propane-Air Flames as s Function
of Flame Ares, Equivalence Ratlo, and Fuel Flow Rate. NACA RM
E54F29, 1954.

3637



L29¢

NACA TN 3456 39

33, Btandring, W. G., and Looms, J. S. T.: Light Output from a Spark
"Point Source". Nature, vol. 165, no. 4192, Mar. 4, 1950, p. 358.

34, Swett, Clyde C., Jr.: Effect of Gas Stream Parasmeters on the Energy
end Power Dissipated in a Spark and on Ignition. Third Symposium
on Combustion and Fleme and Explosion Phenomena, The Williams &
Wilkins Co. (Baltimore), 1949, pp. 353-361.



NACA TN 3456

TABLE I. - SUMMARY OF LONGITUDINAL TURBULENCE SCALES

[Estimated from longitudinal energy spectra in enclosed-
tunnel installation. Mean stresm velocity, 50 ft/sec;
statlc pressure, 26 in. Hg &bs; static tempersture, 540°
R. Comparative values calculeted through the isotropic
turbulence relation Lg = ZLg from laterael scale of tur-~

bulence dsta reported in ref. 15.}

Distance downstream [ Longitudinal scale of turbulence,

of grid, x, Lp, 1in.
in. Present in- Ref. 15
vestigation
6.3 0.16 ———
9.3 .21 ———
12.3 .25 0.17
15.3 .25 .21
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TABLE 1I.

[Veloeity fluctuations measured along duct axis.

WITH AND WITHOUT INTENSE SQOUND FIELD

sound-pressure level, 136 db; stream velocity, 68.5 ft/sec.]

LisY%

~ COMPARISON CF VELOCTITY FIUCTUATIONS IN TURBULENT STREAM

Measured value of

Grid

Distance down-

Stream velocity fluctustions,

Caleculisted vaiues of

Measured values of

gize, stream of £t/sec gound field sound fileld
D turbulence- With sound Without sound ,‘sz" 2 3 |Sound~ = Sound.-
Diam. |Mesh. |Producing field, field, § = VU = Uns |preggure us, pressure
grid, 'rx: ,‘ﬁ = ft/sec level, ft/sec | level,
Io. '] v ‘AV ‘dT a}, d‘:b
0.125 |0.625 3 1..81 1.40 1.15 137.5 0.96 136
4 1.75 1.32 1.15 137.5 .96 136
0.083 10.313 3 1.32 0.52¢6 0.94 135.5 0.96 1328
4 1.41 .892 L.10 137.0 96 36
0.031.5|0.156 3 l.12 0.688 0.89 135.0 0.96 136
4 1.22 .619 1.05 136.5 .96 136
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Figure 1. - Air-ducting, wipd-tunnel, end mean air-flow instrumenvetion.
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Figure 2. - Fuel system.
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- Fixed photomultiplier unit

13 . » :
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Stub tupnelf;

-2 T

-

(a) Over-all view of inmstallation.

Figure 4. - Ionization-gap instrumentation for measurement of free-
flame growth in free-Jet installation.
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T Figure 4. - Continued. Ionizstlon-gap instrumentation for measurement of

free-flame growth in free-Jet ilnstallstion.
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C-37297-

(¢} Ionizetion-gap probe.

\—0 250" 0.D.
0. 0313" Inconel wire Inconel tubing Inconel tubing

\%f

(d) Construction detalls of ionization-gap probe.

Figure 4. - Concluded. Ionizatlon-gap instrumentation for measurement of
free-Tleme growth in free-jet lnstallation,
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Figure 5. - Photomultiplier. instrumentation for simulteneous measurement of free-
flame growth and spark light intensity.
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Longitudinal energy spectrum density function, F, sec
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Longitudinal energy spectrum density function, F, sec
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Figure 27. - Comparison of turbulent flame-speed deta wlith those of reference 22.
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Figure 28. - Comparison of turbulent flame-speed data with
theory of reference 26. Fuel-alr weight ratio, 0.07.
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Flgure 30, - Comparison of turbulent flame-speed data with theories from references 11 and 27.
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Ratio of turbulent to laminar flame speed, Sp/Sy
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Figure 30. - Concluded. Comparison of turbulent flame speed data with theories from
references 1l and 27.
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Figure 31. - Hot-wilre anemometer and auxiliary instrumentation.
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